IMPORTANCE Sudden sensorineural hearing loss (SSNHL) causes substantial disease burden for both individuals and socioeconomic aspects. The benefit of hyperbaric oxygen therapy (HBOT) in addition to standard medical therapy (MT) for idiopathic SSNHL has been unclear.
S udden sensorineural hearing loss (SSNHL) is a subset of sudden hearing loss that occurs within 72 hours and is defined as a hearing loss of at least 30 dB identified at 3 or more consecutive frequencies. 1 Such hearing loss is not uncommon, with an incidence of 5 to 20 cases per 100 000 in the general population. 1 It causes severe discomfort because of sudden deafness on 1 or both sides and increases the risk of accidents caused by decreased spatial perception. 2 This risk further results in substantial disease burden not only among individuals but also socioeconomically. 3 However, SSNHL is a disease entity from which recovery by prompt and appropriate treatment could dramatically improve patient quality of life and reduce the need for hearing aids. 3 Corticosteroids, antiviral agents, vasodilators, and hyperbaric oxygen therapy (HBOT) are the currently available treatment options for SSNHL, but their comparative efficacy is unclear. 1 To date, the most widely used treatment for SSNHL is systemic and/or intratympanic corticosteroids. 1 As another option, HBOT is a treatment that may relieve edema and ischemia by administering high-pressure oxygen into the inner ear to restore hearing. 4 Since the first case report 5 of HBOT for SSNHL treatment in the 1960s, a number of randomized clinical trials (RCTs) [6] [7] [8] and nonrandomized studies [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] investigating the benefit of HBOT have been reported. As an adjunctive treatment to standard medical therapy (MT) that includes systemic corticosteroids, HBOT has been found to promote hearing gain. 25, 26 However, there is limited evidence that HBOT definitively improves the outcome of SSNHL. 25 Therefore, we performed a systematic review and meta-analysis of 19 studies to compare HBOT + MT with MT alone as a treatment for patients with SSNHL.
Methods
Detailed study methods are available in the eMethods in the Supplement; the search strategy in PubMed, Embase, and Cochrane Database of Systematic Reviews is described, as well as the characteristics of the excluded studies.
Data Sources and Searches
PubMed, Embase, and the Cochrane Database of Systematic Reviews were systematically searched up to February 2018 for published or unpublished studies. This electronic search strategy was augmented by a manual examination of references cited in articles, recent reviews, editorials, and meta-analyses. No restrictions were imposed on the language, study period, or sample size. The search strategy is described in detail in the eMethods in the Supplement.
Study Selection and Outcome Definition
Studies meeting each of the following criteria were eligible for the meta-analysis: (1) performed before February 2018; (2) definitively reported outcomes, including complete hearing recovery and any hearing recovery or absolute hearing gain; (3) compared outcomes after HBOT + MT vs MT alone; (4) included systemic and/or intratympanic corticosteroids in the MT protocol; and (5) used a clear definition of SSNHL.
Studies reporting SSNHL treatment outcomes without comparator or control groups were excluded. Two investigators (T.-M.R. and D.H.) independently screened titles and abstracts, identified duplicates, reviewed full articles, and determined their eligibility. Disagreements were resolved by discussion. The last search was performed in February 2018. The primary outcome was complete hearing recovery, and secondary outcomes were any hearing recovery and absolute hearing gain.
Data Extraction and Quality Assessment
Data were compiled for the meta-analysis using a standardized form to extract the following characteristics of studies: study design, number of patients, treatment protocol (HBOT + MT or MT alone), outcome definitions, treatment protocols, and patient demographics. The quality of the eligible studies was assessed using the Cochrane Collaboration's tool for assessing risk of bias for RCTs. The Newcastle-Ottawa Scale (NOS) and the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) checklist were used to assess the quality of nonrandomized prospective studies. However, the thresholds of the NOS or STROBE checklist scores were not grounds for individual study exclusion.
Data Synthesis and Statistical Analysis
Random-effects models were applied for primary and secondary outcome analyses, and odds ratios (ORs) are presented with 95% CIs in the statistical summaries. Because the selected studies were heterogeneous in terms of study population and protocol, fixed-effects models were used for sensitivity analyses, and the results yielded were checked for similarity. The pooled ORs and 95% CIs of the random-effects and fixedeffects models were calculated using the restricted maximum likelihood and Mantel-Haenszel methods, respectively.
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The pooled results for the continuous variables are presented as the weighted mean difference with a 95% CI between the HBOT + MT group and the MT alone group. Statistical heterogeneity was quantified using I 2 statistics. Publication bias, a known threat to meta-analysis validity created by the preferential publishing of studies with statistically significant or clinically favorable results, 28 was
Key Points
Question What is the benefit of the addition of hyperbaric oxygen therapy (HBOT) vs medical therapy alone for sudden sensorineural hearing loss (SSNHL)?
Findings Results of this meta-analysis including 2401 patients with SSNHL significantly favored HBOT plus standard medical therapy (MT) over MT alone for complete hearing recovery and any hearing recovery, as well as for absolute hearing gain. The benefit of HBOT was greater in groups with severe hearing loss at baseline, HBOT as a salvage treatment, and a total HBOT duration of at least 1200 minutes.
Meaning
The benefit of HBOT for SSNHL may be greater for those who had severe hearing loss at baseline or who failed to recover after MT; optimal criteria for patient selection and a standardized regimen for HBOT should be established in future trials.
assessed through funnel plot asymmetry using Egger test and Begg test. If visible asymmetry of funnel plots was observed, the trim-and-fill method was used to estimate the number of missing studies and calculate the corrected risk ratio as if such studies were present. Exploratory metaregressions were performed to assess the association between effect size (log ORs) and the mean age, proportion of men, and initial hearing level. Hearing recovery rates were separately analyzed according to the severity of the initial hearing loss. Subgroup analyses were used to assess differential associations with the following methods: (1) the statistical model (fixed effects vs random effects), (2) the HBOT strategy (salvage treatment vs adjunctive treatment), (3) the total HBOT duration (≥1200 vs <1200 minutes), (4) the maximal pressure during HBOT (≥2.5 vs <2.5 atmospheric absolute pressure [ATA]), and (5) the response assessment point (≥3 vs <3 months after treatment). Two-sided P < .05 was considered statistically significant. Statistical computations were performed with a standard software program (Stata/SE, version 12.0; StataCorp LP). The present study complied with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (eTable 1 in the Supplement) and the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines.
Results

Search Findings
A total of 194 citations were identified. Among these, 24 articles were retrieved for a full review, and 19 met the inclusion criteria ( Figure 1) 
Study Characteristics and Risk of Bias Within Studies
The main characteristics of the individual studies are summarized in the Table. Most studies were retrospective observational investigations, while 2 were prospective studies and 3 were RCTs. All studies exclusively enrolled patients with SSNHL who were undergoing treatment. Follow-up duration varied from weeks to months, with 8 studies yielding outcomes immediately after treatment. The mean onset to HBOT time ranged from 3 to 48.2 days, and HBOT was used as a salvage treatment in 7 studies. Demographic features, including age and sex, were evenly distributed in all studies. The initial hearing level ranged from 43.6 to 86.8 dB.
eTable 2 and eTable 3 in the Supplement summarize the assessed risk of bias by study design. Two RCTs did not report any random sequence generation method. Although no masking attempt was observed, all studies objectively defined clinical end points, with a complete follow-up. Therefore, the lack of masking had a low probability of influencing outcomes. All nonrandomized studies met at least 17 variables of the STROBE checklist and fulfilled the adequacy criteria of the NOS for nonrandomized studies.
Addition of HBOT and Hearing Recovery and Absolute Hearing Gain
The rates of complete hearing recovery in the HBOT + MT and MT alone groups were 264 of 897 (29.4%) and 241 of 1167 (20.7%), respectively, and the rates of any hearing recovery were 621 of 919 (67.6%) and 585 of 1194 (49.0%), respectively. The pooled results from random-effects models significantly favored the HBOT + MT group over the MT alone group for complete hearing recovery (pooled OR, 1.61; 95% CI, 1.05-2.44) and for any hearing recovery (pooled OR, 1.43; 95% CI, 1.20-1.67) (Figure 2 ). Significant heterogeneity was observed for both outcomes. Funnel plots, along with Egger test and Begg test results, demonstrated no significant publication bias for complete hearing recovery and any hearing recovery, and there was no need for trim-and-fill adjustment because of the absence of asymmetry (eFigure 1 in the Supplement).
The weighted mean differences of absolute hearing gain are presented as the mean value for the overall frequencies, as well as for each frequency level (eFigure 2 in the Supplement). Absolute hearing gain was significantly greater in the HBOT + MT group than in the MT alone group for the overall frequencies 
Severity of the Initial Hearing Loss and Hearing Recovery
To assess the differential association of HBOT according to the severity of the initial hearing loss, the outcomes were compared separately by groups with severe to profound hearing loss (≥70 dB) or mild to moderate hearing loss (<70 dB) ( Figure 3 ). For complete hearing recovery and any hearing recovery, HBOT + MT was more beneficial than MT alone in the group with severe to profound hearing loss than in the group with mild to moderate hearing loss.
Subgroup Analyses
In a subgroup analysis for complete hearing recovery, the benefit of the strategy and protocols of HBOT on the outcome was apparent ( Figure 4) . The OR for complete hearing recovery significantly favored HBOT + MT over MT alone, especially for those who underwent HBOT as a salvage treatment and had a total HBOT duration of at least 1200 minutes. The higher maximal pressure during HBOT of at least 2.5 ATA was not beneficial for complete hearing recovery. Among other subgroups of the statistical model and the time point of response assessment, the benefit of HBOT on complete hearing recovery was similar. For any hearing recovery, the favorable results of the HBOT + MT group compared 2006 Dundar et al, 12 2007 Fujimura et al, 13 2007 Cekin et al, 7 2009 Ohno et al, 14 2010 Alimoglu et al, 15 2011 Liu et al, 16 2011 Capuano et al, 18 2015 Pezzoli et al, 19 2015 Psillas et al, 20 2015 Hosokawa et al, 21 2017 Ricciardiello et al, 24 2017 Overall random-effects model Heterogeneity: I 2 = 79.7% (P <.001)
Test of overall effects z = 2.21 (P = .03)
Complete hearing recovery A Source Cavallazzi et al, 22 1996
Recovery
Desloovere et al, 10 2006 Satar et al, 11 2006 Dundar et al, 12 2007 Fujimura et al, 13 2007 Cekin et al, 7 2009 Ohno et al, 14 2010 Alimoglu et al, 15 2011 Liu et al, 16 2011 Yang et al, 17 2013 Capuano et al, 18 2015 Pezzoli et al, 19 2015 Psillas et al, 20 2015 Hosokawa et al, 21 2017 Ricciardiello et al, 24 2017 Overall random-effects model with the MT alone group were consistent across all subgroups (eFigure 3 in the Supplement).
Demographic Characteristics and Baseline Hearing Level and Hearing Recovery
To evaluate the association of age and sex with hearing recovery, exploratory meta-regression analyses were conducted. The mean patient age in each study was not significantly associated with a benefit of HBOT on hearing recovery (eFigure 4 in the Supplement). A significant association between sex and the OR for any hearing recovery was observed, demonstrating that a lower proportion of men was associated with a greater benefit of HBOT (eFigure 5 in the Supplement).
Discussion
We performed a meta-analysis comprising 2401 patients with SSNHL in 19 studies that compared the hearing recovery rate and absolute hearing gain between HBOT + MT and MT alone groups. The principal findings were as follows: (1) The pooled ORs for complete hearing recovery and any hearing recovery were significantly higher in the HBOT + MT group. (2) Absolute hearing gain was also significantly greater in the HBOT + MT group than in the MT alone group, showing similar trends at all individual frequencies. (3) The HBOT appeared to be more beneficial in patients with severe to profound hearing loss at baseline. (4) The results were consistent across various subgroups, and the benefit of HBOT was prominent in groups with HBOT as a salvage treatment and a total HBOT duration of at least 1200 minutes.
Prior Evidence on HBOT for SSNHL
The treatment of SSNHL to date has focused mainly on the improvement of blood flow and increased oxygen supply in the inner ear. Although there are several treatment options, including systemic and/or intratympanic corticosteroids, antiviral agents, vasodilators, anticoagulants, and plasma expanders, no definitive treatment for SSNHL has been proved through qualified trials or meta-analysis. 25 Because corticosteroids are thought to reduce the inflammation and edema associated with SSNHL, 29 experts recommend systemic and/or intratympanic corticosteroids first unless specific contraindications are present. Benefit of hyperbaric oxygen therapy (HBOT) on complete hearing recovery according to the various subgroups is shown. ATA indicates atmospheric absolute pressure; MT, medical therapy; OR, odds ratio.
Research Original Investigation Hyperbaric Oxygen Therapy vs Medical Therapy Alone for Idiopathic Sudden Sensorineural Hearing Loss
The efficacy of HBOT was updated in the Cochrane Database of Systematic Reviews in 2012 by Bennett et al. 25 In their review, a 25% chance of hearing recovery was significantly higher in the HBOT group (risk ratio, 1.39; 95% CI, 1.05-1.84), while there was no difference in a 50% chance of hearing recovery (risk ratio, 1.53; 95% CI, 0.85-2.78). A greater improvement of the mean threshold in the HBOT group than in the control group was also observed (mean difference, 15.6; 95% CI, 1.5-29.8 dB). The use of systemic and/or intratympanic corticosteroids plus HBOT has been considered the most effective SSNHL treatment for several reasons. 3 In the study by Bennett et al, 25 only 392 patients in 7 studies were analyzed; because the outcome was divided into absolute gains and hearing recovery rates, the statistical power in their review was insufficient, and the results are likely unreliable. In addition, the included studies provided no detailed treatment strategy or protocol information, making it impossible to perform subgroup analyses according to the severity of the initial hearing loss or HBOT protocols. Since that review, several studies have been published presenting controversial results regarding the benefit of HBOT. Saesen et al 26 reported in a recent narrative review that HBOT has a positive benefit on hearing gain as an adjunctive therapy to standard MT. Their study also indicated that HBOT could have a positive role as a salvage treatment after the failure of initial corticosteroid treatment. Therefore, a comprehensive meta-analysis covering recent studies was necessary.
HBOT in Patients With SSNHL
In our meta-analysis, HBOT was found to provide a significant benefit as an additional treatment option, along with systemic and/or intratympanic corticosteroids. In particular, this study demonstrates for the first time to date that HBOT + MT is associated with a significant improvement in complete hearing recovery and in any hearing recovery compared with MT alone. This finding is important evidence for the clinical implications of HBOT in SSNHL treatment. To date, hypotheses about the benefit of HBOT have been suggested based on various theoretical backgrounds. The structures in the cochlea are vulnerable to a decrease in tissue oxygen supply. 3 In addition, the supply to the cochlea depends on oxygen diffusion through the capillaries rather than direct vascular oxygenation. 30 Therefore, it is thought that the reduction of blood flow to the inner ear and resultant ischemia are the most important mechanisms for the occurrence of idiopathic SSNHL. 31 Using HBOT, it is possible to maximize the oxygen partial pressure supplied to the inner ear. 25 This process can minimize ischemic damage after SSNHL and aid vascular recovery. 32 Furthermore, it can provide antibacterial effects through oxygen radicals and promote angiogenesis with tissue regeneration. 4 The present study supports these theories by incorporating updated clinical data, providing valuable evidence that HBOT + MT is the most beneficial treatment option for SSNHL. In terms of safety, serious complications from HBOT are uncommon. 25 Although middle ear, sinus, and pulmonary barotrauma can occur, their incidence is low. Only ear fullness, which is completely recoverable, is known to be a common adverse effect. 33 The use of HBOT is limited in that it is only available in special facilities, and patients with claustrophobia cannot undergo HBOT. 32 However, patients with a history of pneumothorax or those with claustrophobia can be excluded from HBOT treatment at the initial patient interview. Therefore, the benefit of hearing gain through HBOT may exceed any possible harm, particularly if there has been no response to standard treatment with corticosteroids or if there is severe initial hearing loss. In South Korea, HBOT treatment costs US $100 per session, but the actual patient contribution is US $40 based on nationwide medical insurance coverage. In the United States, it costs approximately US $300 per session. However, considering the adverse effects of idiopathic SSNHL on patient quality of life and the risk of accidents caused by decreased spatial perception, HBOT as a salvage treatment may be considered at least for refractory cases after medical treatment with corticosteroids. To achieve better cost-effectiveness, welldefined indications for HBOT and standardized HBOT regimens should be established and applied.
Clinical Implications From Subgroup Analyses
The results of earlier studies 6, 16 have indicated that the benefit of HBOT may be greater in more severely affected patients. Experts have also suggested that HBOT may be more effective at ages younger than 60 years, with early HBOT application within 3 months, and in a group with greater initial hearing loss of more than 60 dB, although the level of evidence is weak. 1 However, the Cochrane Database of Systematic Reviews in 2012 concluded that the influence of the severity of the initial hearing loss could not be confirmed. 25 In the present meta-analysis, we found that the benefit of the addition of HBOT was greater in the group with severe to profound hearing loss of at least 70 dB. However, because there were limited studies that provided separate outcomes based on initial severity, the statistical power was low, and follow-up studies are required. Furthermore, the group with HBOT as a salvage treatment received greater benefit than the group with HBOT as an adjunctive treatment, which is also controversial and warrants further trials that control for the HBOT strategy. Our metaregression results did not show any evidence that age influences the benefit of HBOT. Furthermore, because HBOT was performed within 3 months in all enrolled participants, the differential association according to the onset to HBOT time could not be assessed.
It is generally recommended that 100% oxygen at 2.0 to 2.5 ATA should be administered for 10 to 20 days, with a 90-minute session each day, 3 but there are no universal HBOT protocols that have been proved to be effective. For the first time to date, we have analyzed the associations of the duration and maximal pressure of HBOT with a treatment benefit. Particularly for complete hearing recovery, HBOT + MT was favored in the group with a total HBOT duration of at least 1200 minutes. However, the maximal pressure during HBOT was not found to have a significant association with any benefit of HBOT. These results are expected to have an important role in the standardization of clinical indications for and proto- cols of HBOT. Sudden sensorineural hearing loss with severe to profound hearing loss (≥70 dB) at baseline can be considered an appropriate indication for applying HBOT. Given the greater benefit when HBOT is used as a salvage treatment, HBOT may be applied to refractory cases that do not respond to medical treatment 2 to 4 weeks after the onset of hearing loss. In terms of HBOT strategy, a 2-week protocol with a 90-minute session per day may be recommended or alternatively a 20-day protocol with a 60-minute session per day to achieve a total HBOT duration of at least 1200 minutes. However, because increasing maximal pressure during HBOT to 2.5 or higher ATA did not provide any benefit for hearing recovery, the air pressure may be kept at 2.0 to 2.5 ATA as currently recommended.
Future trials should use a standardized HBOT regimen to investigate the efficacy of HBOT as a salvage treatment for patients refractory to MT with corticosteroids. In particular, the appropriate intervals should be clarified between onset, assessment of initial treatment failure, and HBOT as a salvage treatment.
Limitations
This meta-analysis has several limitations. First, the selected studies varied in their clinical and methodological characteristics. Second, although there was no evidence of publication bias, the main results showed considerable heterogeneity. Third, considering that most studies except RCTs did not provide adjusted results, measured or unmeasured confounder effects could exist because of different baseline characteristics between study and control groups. Fourth, because a substantial proportion of patients with SSNHL experience spontaneous recovery, the benefit of HBOT or medical treatment may not have been accurately evaluated. There may be a bias effect caused by spontaneous recovery during HBOT as a salvage treatment or prolonged HBOT. However, in the case of HBOT as a salvage treatment, any benefit would not be significant because of the extended period between onset and therapy. For prolonged HBOT, spontaneous recovery during therapy cannot be distinguished from treatment benefits. Therefore, given a sufficient pooled sample size, it is reasonable to assume that the likelihood of such benefit would be evenly distributed in both groups.
Conclusions
For SSNHL, HBOT + MT was shown to be a more advantageous treatment option than MT alone. A benefit of HBOT was observed in patients with SSNHL who had severe to profound hearing loss at baseline and who underwent HBOT as a salvage treatment with a prolonged total HBOT duration. Further trials using well-defined indications and standardized protocols of HBOT are warranted. comparisons, outcomes, and study design (PICOS).
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